In addition to the local MAEs produced by adaptation same location, and (3), most striking, are specific to the to low-level motion energy, we now show that global overall direction of object motion, even at nonadapted MAEs can be produced when attention is used to track locations. These distinctive properties suggest MAEs moving features and that these global MAEs are indefrom attentive tracking can serve as valuable probes pendent of low-level MAEs. These higher-order MAEs for understanding the mechanisms of high-level vision can only be revealed with dynamic (flickering or countand attention.
the absence of any net low-level motion signals, we 1995). When a static test grating is employed, observers report that the grating drifts slowly opposite to the adappresented a radial counterphasing grating, a stimulus constructed by superimposing two identical sine wave tation direction, although they are often simultaneously aware that it is not really moving with respect to local gratings moving in opposite directions. This stimulus has equal motion energy in the clockwise (CW) and landmarks. When an ambiguously flickering test grating is employed, it is perceived as moving rapidly (decounterclockwise (CCW) directions. As shown in Figure  1A , observers were instructed to use attention to menpending on the test temporal frequency), opposite to the adaptation direction, in a manner easily confused tally track (Wertheimer, 1961) the bars of a radial grating in one of the two ambiguous directions while keeping with real motion (as with other dynamic test stimuli; Hiris and Blake, 1992). Static and flicker MAEs are believed their gaze fixed on a central bull's-eye. Thus, the actual stimulus was identical for all attentive tracking condito have different underlying substrates (see Culham et al., 1998b , for a review). For example, the static MAE tions; only the observer's instructions differed. All observers were able to attentively track the grating accuhas only partial interocular transfer, suggesting that at least some of the underlying processing occurs at an rately without moving their eyes (see Experimental Procedures). As a comparison, we also examined MAEs early stage before input from the two eyes has been combined (at or before striate cortex), whereas the following passive viewing of a single-grating component rotating unambiguously in one direction.
flicker MAE can have complete interocular transfer, suggesting that it taps a later stage (at or beyond striate In the adaptation period, the grating either counterphase flickered for attentive tracking conditions or smoothly cortex) (Raymond, 1993; Nishida et al., 1994; Nishida and Ashida, 2000) . We measured both the static and drifted for passive viewing conditions. The stimulus was presented for an initial 30 s adaptation period, followed flicker MAEs using a nulling procedure. In both cases, eight observers judged the perceived direction of motion by 5 s top-up intervals interleaved with test trials to maintain adaptation.
(CW or CCW) on each trial, and MAEs were quantified by the phase shift necessary to null the perceived illusion MAEs demonstrate different properties depending on whether the test pattern is static (static MAE; Wohlge-(see Experimental Procedures). As shown in Figure 1B , attentive tracking produced muth, 1911) or dynamic (e.g., flicker MAE; von Grü nau, 1986; von Grü nau and Dubé , 1992; Nishida and Sato, a significant flicker MAE but with a negligible static MAE.
As expected, passive viewing of coherent motion proattentive tracking was not observed for the static MAE. As illustrated in Figure 2E , the static MAE was opposite duced both a static MAE and a flicker MAE. Thus, it to the biased direction whether the subjects had attenappears that the flicker MAE but not the static MAE can tively tracked the grating or not. That is, the biased be adapted by attentive tracking. It may be that the condition could produce an aftereffect specific to a diflicker MAE is simply a more sensitive test of motion rection that had never been perceived during adaptaadaptation than the static MAE (von Grü nau, 1986) and tion. In our stimuli, attention was always directed to the locament. To do so, we manipulated motion within the radial tion of the low-level motion; it was only the motion path grating by changing the relative contrast of the two comwithin that area that was affected by attention. Perhaps ponent gratings. In the two conditions we tested, either the static MAE is modulated not by the selection of the the motion energy was balanced and the direction was adapting motion for awareness but only by the presence inherently ambiguous (counterphase flicker, as in experof attention in the adapting area. iment 1; see Figure 2A ) or one of the two directional Two separate controls were run to determine whether components was slightly stronger than the other, proeye movements might have contributed to the effects ducing a bias in one direction (counterclockwise; see we measured. First, eye movements during adaptaExperimental Procedures; Figure 2B ). Although the stimtion and test were monitored in three observers, with a ulus appeared to move in the direction of the bias when variety of monitoring devices (including scleral eye passively viewed, attention could reverse the perceived coils; see Experimental Procedures). No systematic eye direction when observers mentally tracked a pair of bars movements were detected other than microsaccades. in the direction opposite to the bias. Observers (five)
In these conditions, with verified absence of tracking were instructed to track the grating clockwise in all eye movements, the flicker MAE was seen at its usual cases, including the biased condition, in which attentive strength. To demonstrate that the monitoring was suffitracking went against the direction of the energy bias cient to detect tracking eye movements, we asked the ( Figure 2C ). Both static and flicker MAEs were measured observers to pursue the target bar with their eyes; the by their direction and a duration index. We compared large-amplitude pursuit was then easily seen in the traces. the MAEs following attentive tracking of unbiased and Second, we also measured MAEs when two observers biased gratings to the MAEs following passive viewing were instructed to overtly track a single bar of the grating of each type.
as it moved around the test annulus (smooth-pursuit Attentive tracking reversed the direction of the flicker eye movements). They tracked the target for the same MAE, compared to passive viewing. As shown in Figure  adaptation period as in the main experiment and then 2D, following passive viewing of the biased grating, the made direction judgements of the static and flickering aftereffect was opposite to the direction of the motion tests while fixating the center of the test displays (Figure energy. However, when subjects attentively tracked the 2F). Eye tracking produced negligible effects on the bars of the grating, the MAE was opposite to the tracked static MAE. Small aftereffects were observed with eye direction not only for the unbiased gratings (as in experitracking for the flicker MAE; however, these were not ment 1) but for the biased gratings as well (the biased statistically significant and were significantly less than flicker MAE was significantly different between passive those produced by attentive tracking (p Ͻ 0.05, oneviewing and attentive tracking conditions, t ϭ 3.32, df ϭ tailed, for attentive tracking compared to all three flicker 4, p Ͻ 0.05, two-tailed). That is, the flicker MAE was MAE controls). Therefore, even if the maximum possible always opposite to the direction of motion that was tracking eye movements did occur, they could not properceived during adaptation, regardless of whether the duce the strength of flicker MAE that we see with attenpercept arose from a bias within the stimulus or from tive tracking. attentive feature tracking. This reversal suggests that Thus, we have demonstrated that, although static and attentional MAE effects were strong enough to override flicker MAEs occur in the same direction following pasenergy-based MAE effects. However, the power of atsive viewing, attentive tracking can reverse the direction tentive tracking is limited. If the motion energy bias was of the flicker MAE but not the static MAE. This qualitative increased much above the levels used here (see Experidifference in attentional impact between flicker and mental Procedures), tracking against the motion energy static MAEs cannot be attributed solely to sensitivity simply became too difficult, and the MAE always opdifferences between the two types of tests. The third posed the energy direction, regardless of attentive experiment corroborates this finding and further sugtracking efforts.
gests that the attentional-and energy-based MAEs occur at different processing stages. The reversal of MAE direction for a biased grating with Our results show that, for the flicker MAE, attention How do we explain the anomalous result of one obcan overrule stimulus motion energy. When a grating server (FV) who showed a rotation-specific flicker MAE biased to move in one direction is attentively tracked in in the "passive" viewing condition? We believe that, the opposite direction, the direction of the subsequent despite the instructions, this observer was unable to flicker MAE can be reversed. No such reversal is obavoid attentively tracking the motion of the rotating served for the static MAE, however, implying that attenadapting grating. To verify our supposition, FV was retion does not just enhance processing at the initial tested with a stimulus composed of four peripheral stages of motion processing. Our results dissociate two adapting rings placed to overlap with one central test stages of MAEs: (1) the static MAE, which is always ring ( Figure 3C ). This configuration provides a more powspecific to motion energy within the stimulus, regardless erful stimulus (with four times the retinal overlap), and of whether or not it reaches perceptual awareness, and the crowding makes it difficult to attend to and track (2) the flicker MAE, which responds to both local, loweven one adapting ring (He et al., 1996) , let alone all four. level motion and global, high-level motion based on the When adapted to passive viewing of smooth motion in conscious perception of an object's direction, as deterthe four peripheral rings, FV demonstrated a robust local mined by attention to its visual features. flicker MAE. We conclude that instructions alone were Attentional aftereffects are selective for the overall not enough to stop FV from tracking and that, had he direction of object rotation, independent of the location been able to stop tracking on his own in the passive in the visual field, whereas MAEs produced by stimulus case of the main experiment, he would have also shown motion energy are selective for the local linear motion the local as opposed to global MAE. Under passive direction. Although it has been previously shown that viewing, static and flicker MAEs only reached marginal the flicker MAE is nonlocal (von Grü nau, 1986; von Grü -significance in the one-ring case; however, casual duranau and Dubé , 1992), we have further shown that it tion tests with FV and two additional observers found can be rotation specific and highly dependent on the highly robust retinotopic MAEs with the four-ring configattended and perceived direction. Physiological eviuration. Because of the crowding effects and difficulty dence shows that cortical motion area MT has relatively in attentively tracking any one ring, we were forced to small receptive fields that respond to local, linear motion use the less effective single-ring configuration for comsignals, whereas, at the next stage of processing in area parisons with attentive tracking conditions. MST (named for its homology with the monkey middle superior temporal area), receptive fields are much larger Discussion and can be integrated into complex motion patterns such as rotation and expansion/contraction (Saito et al., We have discovered a motion aftereffect of attentive 1986). Thus, these results suggest MST as the earliest tracking that taps a high level of visual representation. possible stage at which attentional aftereffects could be It is nonlocal, revealed only by a dynamic test, and its mediated. However, it is also possible that such effects motion can compete with and override low-level motion could occur at a substantially later stage. Physiological aftereffects. We picked an ambiguous motion stimulus evidence has shown that extraretinal effects such as to induce the tracking aftereffect, as it has no net lowattention are progressively stronger at later stages of level motion. Observers overcome the ambiguity by usmotion processing, with larger influences in MST than ing attention to track a specific feature in one direction MT (Treue and Maunsell, 1996) the ones that had been initially cued or not (with a 50% probability of the marked bars being cued or uncued).
Experimental Procedures

Experiment 1 General Methods
The adaptation stimulus was either a counterphasing grating that All observers who participated were trained psychophysical observers with normal or corrected-to-normal acuity. Three of the authors was attentively tracked, as described above, or a single-radial grat-ing (one of the two components of the counterphase grating), rotatthe perceived direction reverses. To prevent the perception of motion in the energy direction from contributing to the MAEs, the adaping unambiguously in one direction, while it was passively viewed. (Finney, 1971 ) was used to determine the Three control conditions were also included. The duration over which subjects had maintained attentive tracking against the biased null point, that is, the phase shift at which there were equal CW and CCW responses. Each test stimulus was preceded by a tone and a stimulus during the previous main condition was used as the adaptation duration for all subsequent control measures. In a passive viewblanking of the annulus to the mean luminance for 495 ms. This indicated that the observer should stop tracking and passively view ing control condition, subjects looked at the adaptation stimuli while fixating and without any effort at attentive tracking. In one eye movethe test stimulus, which was presented for 510 ms. In test blocks measuring the static MAE over the 510 ms, the test grating underment control condition, subjects used smooth-pursuit eye movements rather than attention alone to track a cued bar of the grating. In went a smooth, continuous displacement of variable phase shift (in a range around 0Њ of phase). In blocks measuring the flicker MAE, a second eye movement control condition, no grating was present; however, subjects used eye tracking to follow the peripheral guide the grating underwent a discrete phase shift of variable size (in a range around 180Њ of phase) between two frames (255 ms each). In dots, which moved in synchrony with the (invisible) bars. both cases, observers judged the perceived direction of motion (two-alternative forced choice: CW or CCW). For example, if a static Experiment 3 MAE test grating smoothly moved 10Њ CW, an unadapted subject
The third experiment used similar methods as the first, except that would accurately report CW motion. Similarly, if a flicker MAE test the adapt and test stimuli were smaller (inner radius, 1.8Њ; outer grating abruptly shifted by 170Њ CW, he would accurately report that radius, 4.4Њ; 25% contrast) and spatially separated by 6.2Њ, as shown the grating moved in the direction with the smallest phase jump in Figure 3A . In half of the sessions, the test grating was to the right (170Њ CW rather than 190Њ CCW; i.e., the shortest distance between of the central adaptation ring; in the other half, it was to the left. corresponding bars). However, following adaptation to CW motion, the observer would be biased to see 
